The Simons Observatory (SO) is an upcoming polarization-sensitive Cosmic Microwave Background (CMB) experiment on the Cerro Toco Plateau (Chile) with large overlap with other optical and infrared surveys (e.g., DESI, LSST, HSC). To enable the readout of O(10,000) detectors in each of the four
telescopes of SO, we will employ the microwave SQUID multiplexing technology. With a targeted multiplexing factor of O(1,000), microwave SQUID multiplexing has never been deployed on the scale needed for SO. Here we present the design of the cryogenic coaxial cable and RF component chain that connects room temperature readout electronics to superconducting resonators that are coupled to Transition Edge Sensor bolometers operating at sub-Kelvin temperatures. We describe design considerations including cryogenic RF component selection, system linearity, noise, and thermal power dissipation. Keywords: SQUID -multiplexing -readout -CMB -instrument design
Introduction
The Simons Observatory (SO) [6] is an upcoming polarization-sensitive Cosmic Microwave Background (CMB) experiment in the Atacama desert in Chile. SO is building three small aperture telescopes (SATs) and one large aperture telescope (LAT). The SATs [2] target degree-scale B-mode (divergence-free) polarization of the CMB. The LAT targets small angular scale science (e.g., a possible discovery of new light relic particles, measurement of neutrino mass, measurement of the number of relativistic species, tests for deviation of cosmological constant, studies of gravitational lensing of the cosmic microwave background, to name a few) [1] . To achieve the sensitivity required to meet SO science goals, we need to increase the number of detectors per receiver significantly. This calls for highly multiplexed readout to work within tight space and thermal loading constraints and over an order of magnitude increase in the multiplexing factor from existing experiments (∼70x) [3, 9] . We have chosen to implement Microwave SQUID Multiplexing (µ-mux) as the readout technology [5, 12] , with a targeted multiplexing factor of O(1,000). µ-mux combines the high multiplexing factor of Microwave Kinetic Inductance Detectors (MKIDs) [14] with the sensitivity demonstrated by millimeter-wave antenna-coupled DC-biased Transition Edge Sensor (TES) bolometers. The µ-mux readout scheme is shown schematically in Fig. 1 . It consists of a comb of resonators, spread over 4-8 GHz, coupled to a common transmission line, where each resonator is coupled to a dissipationless radio-frequency superconducting quantum interference device (RF-SQUID). The RF-SQUID is in turn inductively coupled to a voltage-biased TES. All SQUIDs are linearized using a low-frequency flux ramp modulation line [12] . The cold readout components for SO (resonators and SQUIDs) are developed by NIST (National Institute of Standards and Technology). These components along with detectors are packaged into Universal µ-mux Modules (UMMs) [13, 11] . SLAC Superconducting Microresonator RF (SMURF) electronics [10] , from SLAC National Accelerator Laboratory, serve as the room temperature readout electronics.
No other CMB experiment to date has targeted the high multiplexing factors that Simons Observatory (SO) aims to achieve. Progress with warm electronics (FP-GAs) and cold readout design ( superconducting microwave resonators, SQUIDs) are essential to achieve this target. However, being able to effectively couple cold readout electronics at the detectors to warm electronics is non-trivial. Challenges include mechanical complexity, thermal loading, system linearity, and noise, to name a few. This paper presents a forward looking approach to RF wiring design for SO. The main design challenges are from space and linearity constraints. The space constraints are from the design of cryogenic chambers that are optimized for optical throughput with little space available for the readout components and wiring. Driving the microwave resonators at high powers to minimize two-level system (TLS) noise while simultaneously reading out O(1,000) resonators pushes the limits of commercially available cryogenic low-noise amplifiers, makes linearity a critical design challenge.
SO RF readout wiring overview
The wiring diagram for a single RF chain in SO is shown in Fig. 2a , where a chain refers to the components and wiring that service one set of multiplexed detectors. Attenuators are distributed over the various cryogenic stages of the receivers with the attenuation values chosen to effectively reduce noise temperature while providing optimal input power to drive the cold resonators. Semi-rigid coaxial cables connect the inter-thermal stage RF components with cable material and lengths chosen to maximize signal-to-noise ratio (SNR) and reduce thermal loading. DC-blocks serve to provide thermal breaks. For improved SNR and linearity, cryogenic amplification is implemented in two stages in the output chain. For isothermal cabling we use hand-formable copper coaxial cables. The Universal Readout Harness (URH) (see Figs. 2b and 2c) is a module that is designed and is currently being populated and tested at Arizona State University (ASU), which includes all the wiring over 300 K to 4 K (excluding the 4K amplifiers that are mounted in the optics tubes of the LAT receiver and SATs). The URH design is common to both the LATR and the SATs. The wiring design from the URH at 4 K to the UMMs at 0.1 K in the LAT-Receiver (LATR) and the SATs are shown in Figs. 2d, 2e and Figs. 2f, 2g respectively. These vary in cable lengths and routing due to the differences in the optics tubes of each, while conforming to the scheme presented in Fig. 2a .
Design Considerations

Linearity
In the cryogenic readout circuit there are two primary nonlinear elements: the resonators and amplifiers. The superconducting microwave resonators have a nonlinear penetration depth, surface impedance [4] , and readout power heating [17] . The Josephson junctions in the RF-SQUIDs also add non-linearity to the resonator circuits. All of these can result in resonator bifurcation and hysteresis [16] . The output amplifier chain is another source of non-linearity with input power producing third order intermodulation products within the readout band. We plan to read out O(1,000) bolometers on one transmission line. This means that the output amplifier chain sees O(30 dB) higher power at its input than any single resonator. Due to this, the linearity requirements placed on the amplifiers are significantly higher than those placed on the resonators.
To determine the linearity requirements on the amplifiers we first need to determine the optimal drive power for the resonators. Given a perfectly linear output amplifier chain the resonator drive power is optimized by minimizing readout noise. As the drive power is increased the TLS noise contribution decreases [8] until TLS noise saturates and there is no additional benefit in further increasing drive power. However driving resonators at high powers can result in increased noise by mechanisms such as resonator bifurcation [7] and other non linear-effects in the system. From measurements of similar devices from NIST [5] , the expected optimum drive power for SO resonators is ∼ -70 dBm.
As presented previously by Henderson et al. [10] , we will read SO µ-mux resonators out with SMURF electronics, which implements a frequency tracking algorithm in the on-board FPGA. Frequency tracking is crucial because it keeps the power transmitted to the amplifiers constant at a level lower than the drive power by the resonance depth. SO resonators are designed with an assumed Q i of 200,000 and targeting a fixed bandwidth (BW) of 100 kHz to keep Lorentzian crosstalk constant across the readout bandwidth. To achieve this the coupling quality factor (Q c ) is designed to vary between 50-133 ×10 3 over 4-8 GHz, such that the resonance depths ∼ Q c Q i + Q c vary between ∼ 8-14 dB. With an average designed resonance depth of ∼ 10 dB, the average power seen at the input of the amplifier for each tone is ∼ −80 dBm and with O(1,000) tones the total power transmitted to the first amplifier is ∼ −50 dBm This number sets the input third order intercept (IIP3) of the first amplifier. All successive amplifiers are chosen to have IIP3s lower than the output IP3 (OIP3) of the previous amplifier so that the first amplifier limits the linearity of the entire chain. Ideally, one would have an amplifier chain with linearity much larger than the expected signal, but practically gain, linearity, and noise temperature (as well as power dissipation and impedance matching) can not all be optimized simultaneously. At least one parameter must be sacrificed in order to improve the others. To maintain a low noise temperature and achieve a high IIP3 we choose a lowergain first-stage amplifier at 4 K and add a second amplifier at 40 K to provide sufficient system gain. This 40 K amplifier achieves higher linearity compared to the 4 K amplifier due to the lower gain and noise temperature. The final amplification chain summarized in table 1 is expected to meet linearity requirements for the SO goal noise level of 45 pA √ Hz , with 2000x multiplexing. Preliminary noise models suggest resonance depths greater than 6 dB with tone tracking to achieve this noise level. For the SO baseline noise level of 65 pA √ Hz and with 1000x multiplexing, the same noise model requires the resonance depths to be greater than 3dB (also with tone tracking).
Reflections
Reflections resulting from poor impedance matching between successive components in the RF chain cause frequency-dependent power coupling to the microwave transmission line of the µ-mux wafer and consequently the superconducting resonators. Poor impedance matching and the resulting reflections can produce spectral features in addition to the frequency-dependent insertion loss of cables [15] . As described in Sec. (3.1) the drive power of resonators is optimized to reduce two-level system noise and non-linearities from resonator bifurcation. Although ideally we desire perfect impedance matching, in practice we set a threshold input return loss of all components to be better than −15 dB, by careful selection of cables and components that are well matched to a characteristic impedance of Z 0 = 50 Ω. Furthermore, to minimize degradation of SNR in the output RF chain due to poor impedance matching, we introduce a non-reciprocal device, such as a wide-band RF isolator, between the microwave launches on the µ-mux wafer and the first stage amplifier at 4 K. With suitable choice of components that have reasonably good impedance matching (∼ −15 dB) measurements from similar RF chains in test cryostats [10] satisfy noise requirements discussed in Sec. 3.5.
Thermal loading
With the large cryostats optimized for high throughput employed for SO, a large fraction of the cooling budget is taken up by radiative optical loads, and conductive loading from mechanical supports [6] . We use semi-rigid coaxial1 cables with long lengths and small cross-sectional area to connect components at different temperatures to reduce conductive thermal loading, while providing robust electrical performance. For making inter-stage connections in the input RF chain we use Cupronickel (CuNi) semi-rigid coaxial cables (2.19 mm diameter from 300 K down to 4 K and 0.86 mm diameter from 4 K to 0.1 K). To minimize losses in the output chain and hence avoid degradation of SNR we use superconducting Niobium Titanium (NbTi) cables of diameter 1.19 mm from the µ-mux wafer at 0.1 K to first stage amplification at 4 K. We also introduce inner-outer DC blocks between inter-stage wiring to provide thermal breaks. For interconnects between isothermal components we use 3.58 mm diameter hand-formable copper coaxial cables for ease of wiring over long lengths and tight spaces. Particular attention is paid to the heat-sinking of active components such as amplifiers as well as passive high-loss components such as attenuators. Mechanical structures on which readout components are mounted are designed to reduce heating from vibrational modes that result from telescope slew. We thus ensure that total thermal loading contribution from wiring, dissipation from readout components and associated mechanical structures are designed to be within the allocated readout cooling power specifications for the SATs and the LATR. For illustration the estimated readout thermal loading in one SAT is in table 2. The simulated loading presented here fits well within allocated SO readout thermal loading budget and cryogenic validation of readout wiring is underway in test dewars. Table 2 : Cooling power requirements for readout cabling and components between 300 K to 0.1 K. Thermal model includes conductive loading, microwave power dissipation from attenuation (including cables), and dissipation from amplifiers. The estimated loading from readout is a small fraction of the available cooling power at all thermal stages.
Size
A targeted multiplexing factor of O(1,000) to readout O(10,000) detectors results in running O(10) cables through each optics tube of the LATR and each SAT. This necessitates maximizing packing density of the readout components and cables in the tight cryogenic volume of the receiver, designing wiring with low mechanical footprint. Semi-rigid coaxial cables are bent to include loops for strain relief, but with tight bend radii conforming to vendor specified minimum bend radii. The tight space constraints are best exemplified by the wiring designs shown in Figs.  2b, 2d , and 2f. The SAT requires that the detector modules be removed without having to remove the majority of the readout wiring, which we achieved with the tight radial design shown in Fig. 2f . The LATR optics tubes is designed so that it can be removed without having to remove the majority of the readout wiring. It has a very short linear space behind the focal planes in the optics tubes (∼5 cm from the top of the detector module to the 1 Kelvin magnetic shield), which we achieve with a very compact component mounting and coax routing design in the optics tubes shown in Fig. 2d .
Noise
For our goal instrument configuration we require that the noise contributed by the readout does not increase the total detector white noise level by more than 5%.
In units of current in the SQUID input coil this corresponds to 45 pA √ Hz . The main noise sources related to the RF chain are from referred thermal noise due to loss in the input chain and the intrinsic noise temperature of the output amplifiers. The Friis formula [15] is used to refer both of these noise sources to effective noise power (or noise temperature) at the resonator. We then relate the noise power at the feed-line to an effective flux in the SQUID and then to a current through the TES by the mutual inductance between the SQUID and the TES. The steps of this referral from noise power at the feedline to noise in the SQUID is discussed in theses by Mates [12] and Gao [7] . These noise sources are summarized in table (3) ; note that there are additional noise sources associated with the flux ramp input lines, TES input lines, and resonators themselves which we did not consider as part of the RF coaxial component chain noise sources. The anticipated contributions from these key noise sources associated with the RF chain design are small compared to the total noise budget. Measurements with ∼500 multiplexed resonators have demonstrated that the readout noise (DAC and amplifier chain noise plus resonator noise including TLS) is below the goal noise level [10] . A future publication will present a detailed readout noise analysis including analytic calculations and measurements from lab tests.
Conclusions
The RF cryogenic chain from the 300K vacuum interface of SO receivers to the superconducting resonator chips has been designed based on thermal, linearity, noise and mechanical considerations. This design is currently being evaluated in Fig. 2 : (a) Single RF chain for SO readout. Attenuators are distributed to provide optimal drive power, while reducing equivalent noise temperature and reflections. Two stage cryogenic amplification is used for improved SNR and linearity. Semi-rigid coaxial cables of different materials, lengths and diameters are used for inter-thermal stage interconnects. DC-blocks provide thermal breaks between temperature stages. The Universal Readout Harness (URH) design is common to LATR and SATs. URH design in (b) and URH as pictured during assembly stage in (c). The design of cold readout wiring over 4 K to 0.1 K for the LATR (d) with wiring picture of a prototype in (e). The SAT cold wiring design top view in (f) with the hardware pictured in build stage show in (g).
